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The human insula is a complex region characterized by heterogeneous
cytoarchitecture, connectivity, and function. Subregional parcellation
of the insula in adults has revealed an interesting anterior–posterior
subdivision pattern that is highly consistent with its functional differ-
entiation. However, the development of the insula’s subregional segre-
gation during the first 2 years of life remains unknown. The aim of this
study was to test the hypothesis that similar segregation of the insula
exists during this critical time period based on the resting-state func-
tional magnetic resonance imaging study of a large cohort of infants
(n=143) with longitudinal scans. Our results confirmed a consistent
anterior–posterior subdivision of the insula during the first 2 years of
life with dissociable connectivity patterns associated with each
cluster. Specifically, the anterior insula coupled more with frontal
association areas, whereas the posterior insula integrated more with
sensorimotor-related regions. More importantly, dramatic development
of each subregion’s functional network was observed, providing
important neuronal correlates for the rapid advancement of its related
functions during this time period.
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Introduction
Secluded in the depth of the Sylvian fissure and interconnected
with numerous cortical areas through multiple neural path-
ways, the human insula represents a complex and versatile func-
tional structure essential for a myriad of important functions
(Nieuwenhuys 2012). Known as a nexus for the integration of
exteroceptive and interoceptive information, the insula is the
presumed neural substrate for multiple functions, including
sensory perception, cognition, and emotion (Erberich et al.
2006; Craig 2009; Kurth et al. 2010; Menon and Uddin 2010).
Given the insula’s involvement in such a broad range of func-
tions, it is not surprising that its dysfunction has been related to
different brain disorders, including autism (Uddin and Menon
2009; Cox et al. 2012), addiction (Noel et al. 2013), schizo-
phrenia (Palaniyappan et al. 2011), attention deficit disorder
(Lopez-Larson et al. 2012; Yu 2013), and fronto-temporal
dementia (Seeley 2010; Santillo et al. 2013). Therefore, a better
characterizaton of the insula is of critical importance for the
understanding of both normal and diseased brains.
Among the numerous efforts, the insula’s subregional par-
cellation based on either cytoarchitecture and/or imaging
measures has proven to be fruitful. Cytoarchitectonic studies in
the rhesus monkey have revealed 3 different subregions of the
insula along its anterior–posterior axis (Mesulam and Mufson
1982), whereas human studies using either structural (i.e., dif-
fusion tensor imaging) or functional magnetic resonance
imaging (fMRI) methods have described 2 (Nanetti et al. 2009;
Cauda et al. 2011, 2012; Jakab et al. 2012; Kelly et al. 2012), 3
(Cauda et al. 2011; Deen et al. 2011; Chang et al. 2012; Kelly
et al. 2012), and more refined insular subdivisions (Mutschler
et al. 2009; Kurth et al. 2010; Nelson et al. 2010; Yeo et al.
2011; Kelly et al. 2012). Given the hierarchical organization of
brain networks (Doucet et al. 2011; Power et al. 2011; Yeo
et al. 2011) and the broad set of functions related to the insular
cortex, it is not surprising to find different parcellation
schemes describing different levels of specialization (Cauda
et al. 2011; Cauda and Vercelli 2012; Kelly et al. 2012).
However, as shown by Kelly et al. (2012), and stressed by
Cauda and Vercelli (2012), the 2-cluster parcellation is one of
the most consistent and stable findings across different neuroi-
maging modalities. Structurally, the anterior insular cortex
(AIC) is mainly connected with limbic and paralimbic regions
including the anterior cingulate area and anterior inferior
frontal cortex, whereas the posterior insula cortex (PIC) is
more densely connected with posterior temporal, parietal, and
frontal areas including somatosensory, motor, and premotor
cortices (Cerliani et al. 2012; Jakab et al. 2012). Consistent with
this structural connectivity differentiation, meta-analysis of
task-based fMRI further documented functional differences
between the AIC and PIC (Mutschler et al. 2009; Kurth et al.
2010; Cauda et al. 2012; Chang et al. 2012; Kelly et al. 2012),
with the AIC more related to self-awareness, salience detection,
cognition, and other emotional/social behaviors, while the PIC
is more linked to sensory perception (e.g., nociceptive [Brooks
et al. 2005; Brooks and Tracey 2007; Starr et al. 2009] and non-
nociceptive [Craig et al. 2000] stimuli) and motor-related func-
tions (Showers and Lauer 1961; Kurth et al. 2010).
However, the developmental process of insular functional
segregation is largely unexplored. Given the close relationship
between the insula and developmental brain disorders with
origins in early brain development (Uddin and Menon 2009;
Cox et al. 2012; Dichter 2012; Kliemann et al. 2012;
Lopez-Larson et al. 2012; Tomasi and Volkow 2012; von dem
Hagen et al. 2013; Yu 2013), it is of great importance to delin-
eate the normal functional specialization process of the insula
during infancy. In this study, we aimed to explore the func-
tional subdivision structure of the insula and the associated
network development process during the first 2 years of life
based on a large cohort of normal developing infants with
longitudinal resting-state fMRI (rsfMRI) scans (n = 143, each
scanned at least twice). Given documentation that the insula is
the earliest structure to develop during the prenatal period
(Streeter 1912; Afif et al. 2007) and plays a hub role among the
whole-brain functional system in neonates (Gao et al. 2011),
we would hypothesize that the anterior–posterior functional
segregation of the insula is present “at birth.” However, con-
sistent with the continuing maturation of a wide array of brain
functional networks during the first 2 years of life (Gao et al.
2009; Tau and Peterson 2010; Gao et al. 2012), we further
© The Author 2013. Published by Oxford University Press. All rights reserved.
For Permissions, please e-mail: journals.permissions@oup.com
Cerebral Cortex May 2015;25:1176–1187
doi:10.1093/cercor/bht312
Advance Access publication November 17, 2013
hypothesize that associated functional networks will show age-
dependent development featuring the most dramatic changes
during the first year.
Methods
Subjects
Participants were part of a large study characterizing brain development
in normal and high-risk children (Geng et al. 2012; Gilmore et al. 2012;
Short et al. 2013). We retrospectively identified 143 healthy normal
subjects (77 males) scanned at least twice during the first 2 years of life:
neonates (n = 112, mean age = 33 ± 19 days), 1-year olds (n = 129, mean
age = 397 ± 35 days), and 2-year olds (n = 92, mean age = 762 ± 33 days).
Among the participants, 65 were healthy normal singleton subjects (35
males; 50 neonate scans, mean age = 23 ± 9 days; 61 one-year scans,
mean age = 380 ± 21 days; 39 two-year scans, mean age = 745 ± 27 days),
while 78 were from healthy twin subjects (only one of each twin pair
was included, 42 males; 62 neonate scans, mean age = 40 ± 21 days;
68 one-year scans, mean age = 412 ± 38 days; 53 two-year scans, mean
age = 774 ± 31 days). The distribution of ages at which the subjects were
scanned is summarized in Table 1. Inclusion criteria were birth between
gestational age of 35 and 42 weeks, appropriate weight for gestational
age, and the absence of major pregnancy and delivery complications, as
defined in the exclusion criteria. Exclusion criteria included maternal
pre-eclampsia, placental abruption, neonatal hypoxia, any neonatal
illness requiring greater than a 1-day stay at a neonatal intensive care
unit, mother with HIV, mother using illegal drugs/narcotics during
pregnancy, and any chromosomal or major congenital abnormality.
Informed written consent was obtained from the parents of all partici-
pants, and all study protocols were approved by the University of North
Carolina at Chapel Hill review board. Before imaging, subjects were
fed, swaddled, and fitted with ear protection. All subjects were in a
natural sleep state during the imaging session. A board-certified neuror-
adiologist reviewed all images to verify that there were no apparent
abnormalities.
Imaging
All images were acquired with a 3-T MR scanner (Siemens Medical,
Erlangen, Germany). rsfMRI was acquired using a T2*-weighted echo
planar imaging sequence: repetition time (TR) = 2s, echo time (TE) =
32 ms, 33 slices, voxel size of 4 × 4 × 4 mm3. One hundred and fifty
volumes were acquired in a 5-min scan. To provide anatomical refer-
ence, structural images were acquired using a 3D magnetization pre-
pared rapid acquisition gradient echo sequence (TR = 1820 ms,
TE = 4.38 ms, inversion time = 1100 ms), with a voxel size of 1 × 1 × 1
mm3.
Preprocessing
Functional data were preprocessed using FMRIB’s Software Libraries
(FSL, v 4.1.9) (Smith et al. 2004). The preprocessing steps included dis-
carding the first 10 volumes, slice-timing correction, motion correction,
and band-pass filtering (0.01–0.08 Hz). The mean signal from white
matter, cerebrospinal fluid, the whole brain, and 6 motion parameters
were removed using linear regression. No spatial smoothing was
applied. To further reduce the effect of motion on functional connec-
tivity measures, the global measures of signal change and frame-wise
displacement were controlled to be <0.5% signal and 0.5 mm, respect-
ively, as proposed by Power et al. (2012). For each subject and
session, after an initial rigid alignment between functional data
and T1-weighted, high-resolution structural images, a nonlinear trans-
formation field was obtained from individual T1-weighted images to a
longitudinal T1-template, T1-weighted images of a subject scanned at 2
weeks, 1 year, and 2 years using FSL (Smith et al. 2004). A combined
transformation field was used to warp the preprocessed rsfMRI data to
the template. Additionally, nonlinear transformation fields were ob-
tained for each group template to the Montreal Neurological Institute
(MNI) standard space using a 4-dimensional registration method,
4D-HAMMER (Shen and Davatzikos 2004), that significantly improves
warping accuracy over a series of independent 3D warpings (Shen and
Davatzikos 2004). The insula was segmented based on the adult Auto-
mated Anatomical Labeling (AAL) template (Tzourio-Mazoyer et al.
2002), warped to each age group template.
K-means Clustering
Functional segregation of the insula was achieved by K-means cluster-
ing based on the similarity of functional connectivity within the insula.
Specifically, a Pearson correlation matrix characterizing the pair-wise
correlation of all voxels within the insula was first constructed for each
subject/hemisphere with each row representing the connectivity signa-
ture of one voxel to all other voxels of the insula. At the subject level,
K-means clustering was subsequently applied to this correlation matrix
with one minus the sample correlation between row vectors (i.e., con-
nectivity signatures of different voxels) as the distance measure. Clus-
tering solutions based on K = 2, 3, and 4 were explored. To obtain
group-level representations, a consensus-clustering algorithm was
applied (Bellec et al. 2010; Kelly et al. 2012). Specifically, for each
subject s and each insula in either hemisphere, an adjacency matrix As
was first built with aij = 1, representing voxels i and j belonging to the
same cluster and aij = 0 otherwise. Next, the group-level consensus






where N is the number of subjects in the group. This consensus matrix
quantified the stability or consistency of voxel groupings across indi-
vidual subjects within a group (Bellec et al. 2010; Kelly et al. 2012).
Finally, for each consensus matrix, an identical K-means clustering
algorithm was applied to identify the group-level solution representing
the most stable pattern of cluster assignments across subjects.
Two independent and objective criteria were applied to explore the
optimal number of clusters. The first one was the objective validity
indicator (VI), defined as the ratio between the intercluster distance
(defined as one minus the sample correlation as mentioned above) and
the intracluster distance (Chang et al. 2012). Specifically, the interclus-
ter distance was calculated as the mean distance between the centers of
clusters (defined by the K-means algorithm), whereas the intracluster
distance was obtained as the mean distance between each voxel and its
corresponding cluster center (Chang et al. 2012). At the subject level,
the optimal solution was the one with the maximum ratio of inter- to
intracluster distance based on this criterion. At the group level, the
optimal solution was defined based on the group average ratio of inter-
to intracluster distance. The second measure was cluster consensus
(CC), which measured the cluster stability across subjects (Bellec et al.
2010; Kelly et al. 2012) at the group level. Specifically, a consensus
value was calculated for each group-level solution (K = 2, 3, or 4) by
averaging the within-cluster elements of the group consensus matrix A
obtained using equation (1), and the solution associated with the
maximum consensus value was deemed to be optimal based on this
metric. The abovementioned clustering and optimal number of cluster
identification procedures were first applied to the singleton and twin
samples separately, and then to the whole sample after pooling to-
gether the 2 populations.
Quantitative evaluations of within- and between-cluster functional
connectivity were conducted to test the functional segregation of the
insula subdivisions. Specifically, for the insula in each hemisphere and
each subject, a correlation matrix was calculated to quantify the con-
nectivity among all voxels. Subsequently, the mean correlation value of
all pair-wise correlations between voxels belonging to the same cluster
(within-cluster) was calculated to represent within-cluster connectivity.
Table 1
Distribution of ages at which subjects were scanned
Ages at scans (years) Singletons Twin subjects Total
0 and 1 26 (10 males) 25 (15 males) 51 (25 males)
0 and 2 4 (3 males) 10 (4 males) 14 (7 males)
1 and 2 15 (11 males) 16 (10 males) 31 (21 males)
0, 1, and 2 20 (11 males) 27 (13 males) 47 (24 males)
Total 65 (35 males) 78 (42 males) 143 (77 males)
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Similarly, the mean correlation value for all correlations between
voxels belonging to different clusters was calculated to represent
between-cluster connectivity. At the group level, after Fisher
z-transformation, paired t-tests were performed to test for differences
between within- and between-cluster functional connectivity for the
insula in each hemisphere and each age group (significance defined
at P < 0.05 after false discovery rate (FDR) correction) (Benjamini and
Yekutieli 2001).
Clustering Consistency Evaluation
To evaluate the consistency of the insula functional parcellation
between singletons and twins, the parcellation maps associated with
the optimal number of K were warped to the MNI space, and the pro-
portion of voxels that were classified into the same cluster between sin-
gleton and twin solutions were calculated. To further evaluate the
insula parcellation consistency, the 2 populations were pooled to-
gether and a bootstrapping strategy was applied to quantitatively
characterize the consistency based on the whole sample. Specifically,
for each age group, 1000 random samplings with replacement within
the whole sample were acquired, and the corresponding group-level
K-mean clusters were obtained as described above for each resam-
pling. Subsequently, the voxel-wise clustering consistency was calcu-
lated as the percentage of times out of 1000 that this voxel showed
consistent clustering membership. This process was repeated for the
insula within each hemisphere and age group. Finally, to quantify the
consistency of the insular parcellations across age groups, the pro-
portion of voxels that were classified into the same cluster across ages
were calculated for the insula in each hemisphere.
Insular Network Development Characterization
To characterize the whole-brain functional connectivity maps associ-
ated with the defined insular clusters, whole-brain partial correlation
analysis was conducted for each subject. Specifically, the correlation
was calculated between the average time series from the insular cluster
in question and each other voxel time series of the whole brain after
controlling for the average time series from the other insular clusters
from the same hemisphere. One sample t-tests were performed to
obtain group-level significant connectivity maps for each cluster (sig-
nificance defined as P < 0.05, FDR corrected; Benjamini and Yekutieli
2001). To characterize the development of the whole-brain functional
connectivity of the insular clusters, the individual connectivity maps
were warped to the MNI space and after Fisher z-transformation,
paired t-tests were performed to obtain group-level significant changes
across time-points (only subjects with scans in both age groups being
compared were included).
To further characterize the development of the quantitative network
measures associated with each insular cluster, regions of interest
(ROIs) were defined based on the corresponding connectivity maps
and network-level measures including mean functional connectivity,
and graph-theoretical local efficiency (LE)/global efficiency (GE)
measures (Rubinov and Sporns 2010) were evaluated. Specifically, the
local maxima of each insula subdivision functional connectivity map in
2-year olds were identified to define spherical ROIs (8 mm in radius)
using the cluster algorithm implemented in FSL (FLS 4.1.9) restricting
the local maxima to be 16 mm apart from each other. Given the high
similarity of left and right insula subdivision maps, the defined ROIs
(left and right) were pooled to form a single network for the anterior
and posterior insula, respectively. During this process, ROIs that were
within 16 mm in distances were merged as one centered at the mean
coordinate. The defined ROIs from 2-year olds’ maps were warped to
the neonates and 1-year group to provide a consistent set of ROIs for
quantitative delineation of growth patterns across age. Specifically, the
correlation matrix among all defined ROIs of each insular network was
calculated for each subject. Two-way t-tests were applied to obtain the
group-level significant connectivity matrices from which the mean
functional connectivity strength was calculated and compared across
age groups (significance was defined as P < 0.05, FDR corrected).
Moreover, graph–theory-based LE/GE measures, characterizing the
ease of information transfer within the local and whole network,
respectively, were also calculated for each insular network in each
subject based on the weighted individual correlation matrices (thre-
sholded at >0.1 to include only functionally relevant connections)
(Rubinov and Sporns 2010). Such graph measures provide simple and
quantitative evaluation of the efficiency of the network organization.
Linear mixed effect regression (LMER) was used to delineate the longi-
tudinal growth curves of efficiency measures (Pinheiro et al. 2013). For
each network, both a linear model and a log-linear model were built
with age/log(age) as fixed effects (plus an intercept term). Random
effects were added for both the intercept and the age/log(age) term.
All significant effects were defined as P < 0.05 after FDR correction,
and the Akaike information criterion was used to select whether the
linear or log-linear model with age was a better fit for the data.
Results
Optimal K Definition
At the group level, both the VI and CC measure consistently in-
dicated that K = 2 was the optimal solution for the insula
within both hemispheres and across the 3 age groups, which
was also consistent when applied to singletons (Supplemen-
tary Fig. 1), twins (Supplementary Fig. 2), and the whole
sample (Fig. 1). At the subject level, K = 2 was also consistently
identified as the most frequent optimal solution based on VI
for singletons, twins, and the whole sample (Supplementary
Table 1). Therefore, findings associated with K = 2 were pre-
sented in the following as the main results.
Functional Parcellation of Insula
The 2-cluster parcellations of the bilateral insula across the 3
age groups are presented in Figure 2. Highly consistent parcel-
lations were observed between singletons and twins (consist-
ency value >80%; Fig. 2 and Supplementary Table 2), so they
were combined to form a whole sample and a bootstrapping
procedure (1000 times resampling with replacement) was
applied to further quantify the consistency of the insula parcel-
lation (Fig. 3). High levels of consistency were observed; the
majority of voxels exhibited a consistency value of >90% for
both hemispheres within all 3 age groups (left insula: neonate,
93%; 1 year, 89%, 2 years, 75% and right insula: neonate, 95%;
1 year, 85%, 2 years, 74%; Fig. 3). Given this high level of con-
sistency, we focused on the 2-cluster solution from the whole
sample (Fig. 4) in the following discussion (which, as ex-
pected, also demonstrated high consistency with that of each
separate sample; Supplementary Table 2).
The anterior–posterior segregation pattern of the insula’s
functional parcellation was immediately clear starting from neo-
nates (Fig. 4a). Actually, the bilateral insula demonstrated highly
consistent anterior–posterior segregation across the 3 ages exam-
ined (consistency over 80%, Supplementary Table 3). Moreover,
the within-cluster connectivity was significantly higher than
between-cluster connectivity for both hemispheres and across all
3 age groups, clearly demonstrating the functional dissociation
between the anterior and posterior clusters (Fig. 4b). Although
not optimal, the K = 3 and 4 solutions were also obtained, and
the observed anterior–posterior segregation pattern was again
evident although solutions at different age groups differed in
their subtle topologies (Supplementary Fig. 3).
Functional Connectivity Networks Associated with Insula
Subdivisions
The functional connectivity maps of the anterior and posterior
insula clusters showed largely dissociable connectivity patterns
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across all 3 age groups (Fig. 5). The anterior insula connects
more with anterior cingulate (ACC), medial temporal, anterior
thalamus/basal ganglia, orbitofrontal (OFC), lateral and dorso-
lateral prefrontal (dlPFC) cortices, whereas posterior insula
synchronizes more with superior temporal sulcus (STS),
middle cingulate cortex (MCC), pre-/post-central (M1/S1), and
supplementary motor areas (SMAs) across all 3 age groups
(Fig. 5).
Qualitatively, the functional connectivity maps from neo-
nates were diffusive and composed of large locally connected
clusters, while both 1-year and 2-year olds demonstrated better
distributed topology (Fig. 5). Quantitatively, the functional
connectivity maps of the insular clusters showed more signifi-
cant changes during the first year of life than the second
(Figs 5 and 6, and Supplementary Table 4). Specifically, for the
anterior clusters, reduced connectivity in regions proximal to
the seed cluster, including prefrontal and subcortical areas,
and increased connectivity with more distant regions, includ-
ing the ACC, SMA, and contralateral insular cortex (Fig. 6 and
Supplementary Table 4), were observed during the first year,
which primarily explained the formation of the more bilateral
symmetric and distributed network topology observed in
Figure 1. The selection of optimal K for the whole sample. For each insula and age group, the VI (first row) and CC (second row) were plotted against the number of clusters
(K= 2, 3, and 4). The individual VI curves are in light gray lines, while the bold line represents the group average. CC was measured in the group mean consensus matrix. Error bars
denote the standard error of the mean. Asterisks denote significant difference (P< 0.05 after false discovery rate correction; paired t-tests for VI; 2-sample t-tests for CC).
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Figure 5. Moderate local specializations were observed during
the second year for the anterior clusters. For the posterior clus-
ters, increased connectivity was observed within the ipsilateral
and contralateral insular cortex, MCC, S1, and M1, while de-
creased functional connectivity was observed in the STS,
putamen, M1, S1, and SMA during the first year of life (Fig. 6
and Supplementary Table 4). The second year featured de-
creased connectivity within bilateral sensorimotor areas.
For quantitative network measures, the group mean func-
tional connectivity of the network associated with both the
anterior and posterior insula clusters showed significant in-
creases from neonates to 1 year of age (P = 0.02 and 0.007 for
anterior and posterior insula network, respectively) but not
during the second year (Fig. 7). Consistently, both the GE and
LE of both networks exhibited significant log-linear growth
patterns for both networks (except for the GE of the posterior
Figure 2. Two-cluster parcellation of the insula for singletons and twins, separately, across the first 2 years of life.
Figure 3. Bootstrapping evaluation of clustering consistency for the whole sample (K=2). Consistency values were visualized on 3D surfaces (left) and in histograms (right) for
the insula in each hemisphere and age group. Red vertical lines in the histogram plots indicate 90% consistency level. The number shown in each plot indicates the percentage of
voxels within the corresponding insula that shows a consistency level of >90%.
1180 Insula Segregation During the First 2 Years of Life • Alcauter et al.
network, which only demonstrated a log-linear trend of
growth [P > 0.05], Fig. 7).
Discussion
In this study, we aimed to delineate the functional parcellation
of the insula during the first 2 years of life. Our results support
the emergence of an anterior–posterior subdivision architec-
ture as early as the neonatal period, which was consistently ob-
served within both hemispheres and across the 3 age groups.
More importantly, the functional networks associated with
each of the defined insula clusters demonstrated significant
age-dependent changes with respect to the qualitative network
topology, quantitative connectivity strength, and graph–
theory-based efficiency measures, indicating a dramatic devel-
opmental improvement. The delineated functional parcellation
pattern of the insula in a large cohort of normal developing
infants could serve as a valuable reference for future studies of
related brain disorders.
The Optimal K During Infancy
To determine the optimal number of clusters, 2 independent
and objective criteria were applied. The first one was the VI,
which was developed based on the underlying principle of the
K-means algorithm through minimizing the within-cluster dis-
tances. This criterion, proposed by Chang et al. (2012) in a
Figure 4. (a) Two-cluster parcellation of the insula for the whole sample; (b) comparisons of within- and between-cluster functional connectivity. Asterisks denote significant
differences (P<0.05 after false discovery rate correction; paired t-tests).
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similar insula parcellation study in adults, defined the optimal
solution (K) as the one with the maximum ratio of inter-to-
intracluster distance. Similar measures have been shown to be
able to correctly identify the number of color clusters in
2-dimensional synthetic images (Ray and Turi 1999). The
second criterion, cluster consensus (CC), was a measure of the
clustering stability by quantifying the percentage of voxels that
were placed in the same cluster across subjects (Bellec et al.
2010; Kelly et al. 2012). The concept is that the optimal
number of clusters represents the one with the maximal clus-
tering stability (Jain et al. 1987; Ben-Hur et al. 2002), which
has been suggested as an effective mechanism for the selection
of K (Lange et al. 2004). Although there is still no standard
method to define the optimal K in K-means clustering, 2 inde-
pendent criteria in this study converged at the same optimal
solution of K = 2 for all age groups and samples within the
insula of both hemispheres (Fig. 1, and Supplementary Figs 1
and 2), supporting the reliability and stability of this finding
during infancy. Interestingly, Chang et al. (2012) used the
same VI in a similar rsfMRI-based insula parcellation study in
adults and K = 3 was defined as the optimal solution. Their par-
cellation scheme showed a consistent anterior–posterior subdi-
vision, but the anterior cluster was further divided into ventral
and dorsal portions. Actually, other studies (Cauda et al. 2011;
Deen et al. 2011; Kelly et al. 2012) also delineated more
refined parcellations of the insula in adults using rsfMRI data,
potentially representing further developmental specialization
of this structure after 2 years of age, although the confound of
different methods used to define the optimal K should not be
ignored.
Figure 5. Group mean functional connectivity maps associated with the defined insula clusters (red: the anterior insula and green: the posterior insula). Axial slices in radiological
convention (left in image is the right hemisphere) covering the whole brain were visualized.
Figure 6. Development of the insular cluster functional connectivity maps. Significant increase (red-yellow) and decrease (blue) of functional connectivity with age (paired t-test,
P< 0.05, false discovery rate corrected) were visualized. Axial slices in radiological convention (left in image is the right hemisphere) were visualized. Green arrows indicate the
location of the seed cluster.
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The Early Emergence of Insula Subdivision in Neonates
The emergence of an anterior–posterior segregation pattern of
the insula in neonates is intriguing. Structurally, it has long
been observed that the insula is the first cortex to differentiate
and develop in utero beginning at 6 weeks after conception
(Streeter 1912; Afif et al. 2007), providing a structural basis for
its functional specialization. Actually, the insula was observed
as one of the main hubs in neonates in one of our previous
studies examining the development of the whole-brain func-
tional system (Gao et al. 2011) supporting its significant func-
tional role “at birth.” Therefore, these previous studies provide
the structural and functional basis for the observed functional
specialization of the insula in neonates. More importantly,
given the relatively later functional maturation of other higher
order brain functions, such an early functional specialization
of the insula may indicate the special importance of its
related functions for early survival. For example, an increased
hemodynamic response in the insula, cingulate, and secondary
somatosensory cortices was observed with near-infrared spec-
troscopy in neonates and preterm newborns as young as 25
weeks of gestational age following venipuncture or heel lance
(Bartocci et al. 2006; Lagercrantz and Changeux 2010). This
result is consistent with our finding of a specialized posterior
insula cluster and similar functional synchronizations with sen-
sorimotor regions (Figs 4 and 5). More interestingly, the
anterior insula was reported to be active in newborns exposed
to infant formula milk odors (Arichi et al. 2013), which was re-
cognized as a trigger to orient the subject toward the mother’s
breast (Varendi and Porter 2001). This insula activity may
underlie the classical conditioning of olfactory stimuli, which
is essential for infant–mother bonding and associative learning
(Arichi et al. 2013).
The 2-cluster segregation of the insula was consistently ob-
served across the first 2 years of life (consistency level of >80%;
Fig. 2 and Supplementary Table 3) in singletons, twins, and
the whole sample (Figs 3 and 4), indicating high stability of
this anterior–posterior segregation pattern during infancy.
Even in adults, a similar 2-cluster anterior–posterior segre-
gation of the insula has been observed (Cauda et al. 2011;
Deen et al. 2011; Kelly et al. 2012) and reported as one of the
most consistent and stable findings across different neuroima-
ging modalities (Cauda and Vercelli 2012; Kelly et al. 2012).
Therefore, findings in this study support the hypothesis that
the anterior–posterior segregation of the insula is developed
prenatally and remains largely unchanged during infancy. As
discussed above, such early emergence of an adult-like func-
tional segregation pattern may highlight the insula as a region
of particular importance for early brain functional develop-
ment. Despite the relatively constant subdivision structures,
significant postnatal changes in the whole-brain functional
connectivity patterns associated with each insula cluster were
observed and will be discussed in detail in the following
section.
The Development of Functional Networks Associated With
Insular Subdivisions
The functional networks associated with each of the insular
clusters demonstrated significant developmental changes.
Qualitatively, the functional connectivity maps from neonates
were characterized by large and diffusive local blobs, while
both 1- and 2-year olds demonstrated better network-like
topologies characterized by more distributed regions (Fig. 5).
Quantitatively, most network measures including both mean
functional connectivity and GE/LE exhibited significant log-
linear growth during the first 2 years of life featuring more sig-
nificant changes during the first year (Fig. 7). Such a dramatic
first-year improvement in network measures has been consist-
ently observed for the default-mode network (Gao et al. 2009),
Figure 7. Development of network functional connectivity measures associated with each insula cluster. (a) Anterior insula network and (b) posterior insula network. Mean
functional connectivity strength within each network was compared across groups and shown in the left column of (a) and (b) (asterisks denote significant difference at P< 0.05
after false discovery rate (FDR) correction; 2-sample t-tests). For LE and GE plots, light gray lines denote individual growth trajectories, while bold black lines represent the LMER fit
of the growth trends (solid lines indicate significant growth at P<0.05 after FDR correction, while dashed lines indicate not significant growth).
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the dorsal attention network (Gao et al. 2012), and the whole-
brain system (Gao et al. 2011), suggesting a common synchro-
nization theme for the brain’s various functional networks
during this time period. The coincidence of significant myeli-
nation and fast synaptogenesis during this period (Haynes
et al. 2005; Gao et al. 2009; Tau and Peterson 2010) suggests
that these 2 channels of structural development may largely
contribute to the observed functional synchronization. There is
also evidence for a neurotransmitter signaling shift during
early postnatal life, which could also promote neuronal syn-
chronization (Rivera et al. 1999; Buzsaki and Draguhn 2004;
Steriade 2006; Vanhatalo and Kaila 2006). Therefore, myelina-
tion growth, synaptogenesis, and a shift in neurotransmitter
signaling may altogether form the neurophysiological basis for
the observed fast synchronization of insular networks during
the first 2 years of life.
Topologically, the anterior insular clusters showed specializ-
ing connectivity within the local seed proximity but enhanced
connectivity with long-range ACC, SMA, and prefrontal cortices
during the first year resulting in an adult-like salience network
(Seeley et al. 2007) in 1-year olds, which remained largely the
same in 2-year olds. The salience network has been reported
to be responsible for detecting salient events from both the
internal and external environment for efficient decision
making in adults (Seeley et al. 2007; Menon and Uddin 2010;
Elton and Gao 2013). Consistent with the observed dramatic
improvement in the anterior insula network structure, certain
salience network-related functions have also been documented
to experience significant improvement during the first year
of life. For example, sad vocalizations presented to 3- to
7-month-old infants have been shown to modulate the activity
of anterior insula and OFC (Blasi et al. 2011), indicating a
growing capability for salient affective stimuli processing in
developing infants. Regarding the neurophysiological basis, a
specific type of neuron—Von Economo Neurons (VENs)—is
possibly related to the observed synchronization between
anterior insula and anterior cingulate regions. Specifically,
VENs are large bipolar neurons found only in the anterior
insular and ACCs in human and great apes’ brains (Butti et al.
2009; Hakeem et al. 2009; Allman et al. 2011; Evrard et al.
2012). Moreover, these neurons are projection neurons whose
growth may lead to better anatomical connectivity and likely
tighter functional synchronization as well (Honey et al. 2009).
Indeed, these neurons have been reported to experience a
major increase during the first 8 months of life (Allman et al.
2011), which coincides well with the observed increased syn-
chronization between the 2 corresponding regions during the
first year. Therefore, current findings support a possible role of
VEN in the early anterior insula network synchronization
process, but future studies are needed to directly assess this
relationship.
The posterior insula has been consistently reported to be
functionally related to interoception, sensory perception, and
motor control in adults (Craig 2003; Kurth et al. 2010; Chang
et al. 2012; Kelly et al. 2012). Highly consistent with these func-
tional roles, the posterior subdivision of the insula exhibited
strong functional coupling with the primary and secondary sen-
sorimotor area during the first years of life in this study (Fig. 5).
As mentioned above, consistent with this early establishment of
the posterior insula subdivision and associated network top-
ology, increased hemodynamic response in the insula and sec-
ondary somatosensory cortices have been observed in neonates
and preterm newborns as young as 25 weeks of gestational age
following sensory stimulation (Bartocci et al. 2006; Lagercrantz
and Changeux 2010). Interestingly, the posterior insula showed
both increased and decreased functional connectivity with sen-
sorimotor cortices during the first year, but predominantly de-
creased connectivity during the second year of life (Fig. 6 and
Supplementary Table 4). The increased functional connectivity
during the first year may be related to the general myelination
process of long-range axonal tracts and synaptogenesis as pre-
viously mentioned (Rivera et al. 1999; Buzsaki and Draguhn
2004; Haynes et al. 2005; Steriade 2006; Vanhatalo and Kaila
2006; Gao et al. 2009; Tau and Peterson 2010). However, the de-
creased functional connectivity observed during the second
year is intriguing. Consistent with the previous observation that
synaptogenesis achieves its peak before the first year of age
within sensory-related areas and subsequently experiences
activity-dependent pruning (Huttenlocher 1990; Huttenlocher
and Dabholkar 1997), the observed refinement in related func-
tional connectivity likely reflects an early synaptic pruning
process. Such pruning may facilitate more efficient signal pro-
cessing by the elimination of redundant functional connections
overproduced during early development (Tau and Peterson
2010), which is consistent with the increased efficiency exhib-
ited by the network (Fig. 7). Behaviorally, this is also consistent
with the continued improvement of posterior insula-related
functions, including sensory processing and motor control,
during this period of development (Lenard et al. 1977; Tau and
Peterson 2010).
Limitations
One potential limitation is the control of physiological noise.
Instead of using external monitoring devices (e.g., photo-
plethysmograph and pneumatic belt) to monitor cardiac and
respiratory effects and performing post hoc removal of physio-
logical confounds based on empirical models (Chang and
Glover 2009), we opted to perform global regression in our
study. The rationale behind this choice is 2-fold. First, it is diffi-
cult for our infant subjects to fall asleep after applying the
photoplethysmograph and pneumatic belt. Secondly, Chang
and Glover (2009) showed a strong correspondence between
the global signal and the externally monitored respiratory and
cardiac signals. Therefore, it is highly plausible that such phys-
iological confounds have been substantially minimized using
this regression approach. Thirdly, we did not explicitly
monitor sleep stage during the rsfMRI scan, since it is highly
challenging to image infants at natural sleep with additional
EEG electrodes on their brain for optimal acquisition of such
information. However, to minimize potential variability result-
ing from different sleep stages, all subjects were imaged
immediately after they fell asleep. Given previous findings
(Vincent et al. 2007; Horovitz et al. 2008) regarding the limited
effects of light sleep on rsfMRI connectivity measures, it is
likely that different sleep stages exerted minimal effects on the
current study.
Conclusions
In this study, we have delineated the maturation process of the
insula during the first 2 years of life based on the functional
connectivity examination of a large cohort of longitudinally
scanned infants. Specifically, the development of the insula
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features the prenatal establishment of a local anterior–
posterior subdivision structure and a significant postnatal
development in the associated network structures. Whether
this represents a specific functional development pattern of the
insula or a more general trend applicable to other brain struc-
tures is an interesting future direction. Overall, the emergence
and significant development of the insula’s functional segre-
gation profile likely indicates its early functioning (Varendi
and Porter 2001; Lauronen et al. 2012; Shibata et al. 2012;
Arichi et al. 2013; Roche-Labarbe et al. 2013) and supports the
notion that the insula might play an especially important role
in the early brain functional development process.
Supplementary Material
Supplementary material can be found at: http://www.cercor.oxford-
journals.org/.
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